Trinitrotoluene (TNT) like many monomolecular organic explosives is transparent to microwave energy. This study examines the influence of carbon additives to TNT purposefully selected to absorb microwave energy and enable heating throughout the composite. Five carbon additives with different shapes are analyzed including carbon nanotubes, spherical powder, diamond nanoparticles, graphene nano-flakes, and graphite micron-flakes. Each was added to TNT at a constant 1 wt. % concentration then subjected to 1.7 GHz of microwave energy for up to one minute. In-situ two-dimensional transient temperature is measured using a high-resolution high-speed infrared (IR) camera. ANSYS high frequency structural simulator (HFSS) software simulated power absorption for each additive. Simulations predict tubes absorb more energy but experimentally flakes induce melting of the TNT faster. Further analysis of additive connectivity through the matrix suggests that inter-particle connectivity plays a strong role in enhancing heat transfer upon microwave attenuation; and flakes show the greatest inter-connectivity.
INTRODUCTION
The interaction of electromagnetic energy with explosives is a relatively new area of research. In 2006 a patent showed that high explosives are nearly transparent to microwave energy but adding materials that readily absorb microwave energy (i.e., susceptors) can spur ignition [1] . Susceptors are additives that, in small concentration, attenuate microwave energy enabling improved heating throughout the composite [2] . Specifically, HMX mixed with carbon nanotubes (1 wt. %) ignited with 7.5 J at an average rate of 750 W for 10 ms [3] . To raise the same mass of neat HMX to an autoignition temperature of 473 K requires significantly more energy (about 110 J) for a longer duration (i.e., 150 ms) [3] . Advances in modeling software also enable electromagnetic properties to be better understood for energetic materials like HMX [3] .
Susceptors such as graphite and aluminum particles were added to 1,3,5 trinitrotoluene (TNT) and exposed to 3.3 GHz microwave frequency for 120 seconds with energy fields varying from 164 to 168 W [4] . Graphite was shown to decompose TNT but aluminum (Al) particles did not work well in attenuating electromagnetic energy and showed very little temperature increase.
Results also showed an optimum particle dispersion and concentration that effectively couples microwave energy [4] . Specifically, clusters of high susceptor concentration did not exhibit temperatures as high as regions of sparsely concentrated susceptors [4].
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For enhanced reactivity, additives to explosives are usually metallic fuel particles that contribute to the energy released upon combustion [5] . But metals and even semiconductors such as carbon have only recently gained attention in the microwave literature [1] . This is because metals and semiconductors do not induce internal electric fields but rather the electric charge remains localized at the metal surface [1] . Consequently, reflection rather than absorption of the electromagnetic field prevents volumetric heating; this is especially true for bulk metals [6-8].
However, as recent as 1999, Roy et al. [9] introduced the first publication of metal powder heating from microwave coupling. In powder form, manifestation of the electric field at the surface takes on a unique dimensional affect, characterized by the skin depth (d). The skin depth is defined [10] as the distance into a material at which the incident power drops to 36.8% of the surface value and is mathematically expressed as Eq. (1).
In Eq. (1) ρ is the resistivity of the material, f is the frequency of the alternating magnetic field, µ 0 is the permeability of free space (=4π× 10 -7 H/m), and µ´ is the magnetic permeability.
For metals, the skin depth varies from 0.1 to 10 microns [9] . In this way, microwave heating is effective for powders with average particle diameter less than the skin depth [8] . With this understanding, microwave sintering studies that previously focused on ceramic susceptors, could now be extended to metal semiconductor and alloy powders as well as other applications [7] [8] [9] [10] [11] [12] [13] [14] .
Using metallic susceptors in neat explosives may also provide a safe means to dispose of explosive waste by de-linking the explosive component via microwave heating [1].
This study examined the influence of size and shape of the susceptor for attenuating microwave energy when combined with 1, 3, 5 TNT. Various sizes and shapes of carbon susceptors were selected and combined with TNT in a constant volume concentration. These experiments were performed in an electromagnetic exposure chamber using a 1.7 GHz frequency for up to one minute. In-situ two-dimensional transient temperature was measured using a high resolution high speed infrared (IR) camera. ANSYS high frequency structural simulator (HFSS) software was also used to simulate power absorption for the susceptor structures. A simple heat transfer analysis was then applied to model temperature for singular structures based on simulated power results. A 1 wt. % concentration of each susceptor was added to a fixed volume of TNT flakes by physically dry mixing powders with a spatula until the dispersion quality appeared uniform. In this way, the susceptors are randomly aligned within the TNT matrix. The powder mixture was then cold pressed into a cylindrical composite measuring 12.6 mm diameter and 1.7 mm thickness. Figure 2 shows photographs of each TNT + susceptor composite after being pressed.
EXPERIMENTAL
Three samples per TNT + susceptor were prepared for repeatability and a total of 15 composites were analyzed. 
Electromagnetic Exposure Chamber
An electromagnetic exposure chamber (EEC) exposed the composites to microwave energy and a high speed IR camera recorded the two-dimensional transient temperature profile on the exposed surface of the composites in-situ; the system is detailed in Fig. 3 . In the EEC, microwaves are produced using a microwave amplifier and are transmitted into a waveguide via coaxial cables. The interior of the waveguide is made of brass and acts as a conduit for electromagnetic radiation. The waveguide is a WR430 model, with a frequency range of 1.70 to 2.60 GHz, and has a closed end where the microwave transmitter is located. The other end is open but has an aluminum mesh attachment designed to reflect the impeding microwaves and limit radiation leakage. The mesh has a thickness of 0.46 mm and mesh spacing of 1.12 m to protect the user from stray radiation which is continuously monitored using an electromagnetic frequency meter. Each composite is fitted into a polytetrafluoroethylene (PTFE) sample holder 8 | P a g e specifically used for its transparency-like property to microwave energy. At 1.7 GHz, the location of the maximum electric field is located about 7.6 cm into the waveguide from the open end and is where the sample is positioned. A signal generator connects to the microwave amplifier that splits to a power meter and waveguide via coaxial cables. The signal generator sets the frequency, the amplifier transmits the forward power to the splitter, and the power meter reads forward and reverse power measurements from the waveguide. 
Infrared Imaging Diagnostics
A FLIR SC8303 infrared camera positioned directly in front of the waveguide records two-dimensional transient thermal images. The infrared camera operates in the mid-wavelength region that spans a band of wavelengths from 3-5 µm. The camera is aligned to view the sample 9 | P a g e that is placed 30.5 cm directly from the end of the waveguide. The viewing area of both the sample and holder is set at a 640 X 360 pixel window frame size. The integration time is set to 2.1 ms with an acquisition rate of 15 frames per second. That is: 230,400 discrete temperature measurements are made throughout the field of view every 2.1 ms. Emissivity for each sample is determined by referencing a known emissive source and then calibrated into the infrared camera.
The infrared camera recorded for over 60 seconds while each composite is exposed to microwave energy. Stray microwave radiation is measured using an electromagnetic frequency (EMF) meter and did not exceed the FCC regulated amount of 5 mW/cm².
ANSYS HFSS Simulations
To compliment experimental results, microwave simulations were performed using ANSYS HFSS software. This software simulated the dissipated power (in Watts) by varying the structure or shape of the carbon susceptor. Three shapes were simulated as flakes, tubes, and spheres. The vessel for these shapes was a simulated theoretical waveguide with boundary conditions applied to the top and bottom, and sides which were perfectly magnetic and electric boundary conditions, respectively. The software did not account for the thermal behavior such that the simulations are used as an estimate for microwave energy absorption. Therefore, an additional heat transfer analysis was performed using a semi-infinite solid model [17] to relate simulated power to transient temperature. This analysis can then be compared with the experimental temperature measurements.
Laser Flash Analysis for Particle Connectivity
Comparison of experimental and simulated results provoked further investigation about the influence of susceptor thermal properties on the TNT matrix and particle interconnectivity 
However, if the matrix thermal conductivity is greater than the susceptor ( > ) then ( ) shown in Eq. (5) is the HS upper boundary condition + that includes the matrix volume fraction, instead.
The volume fractions in Eq. (4) and ( 
The thermal conductivities of pure TNT and TNT + susceptor composites were measured using a NETZSCH Laser Flash Analysis (LFA) 447 NanoFlash® analyzer. Samples examined in the LFA 447 were identical to those prepared and used in the microwave setup as previously described. To further explore the two carbon susceptors that melted TNT, the heating rate for CNT and graphene flakes is determined by curve fitting diameter and noted steady state temperature increased with decreased particle size from nearly 14 | P a g e 800 to 1000 °C. While these studies did not investigate nano-scale materials, the trend suggests increased heating with decreased particle size. However, results here suggest there may be a limit to optimizing microwave heating by decreasing particle diameter. Figure 5 clearly shows that larger spheres (3 micron diameter) produce higher temperatures than nano-spheres (4 nm diameter). Further studies are needed to confirm the influence of spherical particle diameter on heating. Table 3 lists the dimensions, number of particles, and simulated dissipated power for the flakes, tubes, and sphere geometries simulated in a theoretical waveguide. The flakes differ only in their thickness: graphene is 10 nm thick while graphite is 100 nm thick. The tubes were simulated for two configurations: one aligned parallel to the electric field and the other aligned perpendicular to the electric field. The number of particles simulated was determined from the varied densities in an effort to maintain a constant weight percent similar to the experiments performed. ANSYS simulations show that power dissipated for both the flakes and tubes aligned parallel to the electric field are three orders of magnitude greater than that of spheres and tubes aligned perpendicular to the electric field. Table 3 ANSYS HFSS simulation results for tubes, flakes, and spheres for 1.7 GHz; note l = length, r = radius and w = width. Note also that parallel denotes that the particle is aligned parallel to the electric field while perpendicular denotes that the particle is aligned perpendicular to the electric field. Graphene Flakes l=500 w=500 t=10 10 9.08 x 10 -08
Electromagnetic Simulations
Graphite Flakes l=500 w=500 t=100 2 2.83 x 10 -08
This simulation corresponds well with the experimental results in that tubes and flakes (i.e., CNT, graphene, and graphite) exhibited greater temperatures than spheres. When the tubes are aligned with the electric field the dissipated power is higher than when the tubes are oriented perpendicular to the electric field. Experimentally however, the orientation of the CNT are randomly distributed. The flakes in Table 3 
Here the temperature ( , ) is a function of the distance ( ) from the susceptor particle surface and time ( ) as well as thermal properties of the material such as the thermal conductivity ( ) and thermal diffusivity ( ). The heat flux ( 0 ") is determined from the power dissipation simulations (Table 3) Note that the graphene thermal properties were provided by the supplier and the diamond nanoparticle thermal properties were not examined due to no temperature change as seen from Table 4 . Results from the heat transfer analysis are summarized in the last column of Table 4 . The normalized temperature is the temperature for each carbon susceptor after achieving peak temperature divided by the maximum temperature that occurred for CNT. Values for SP, diamond, and graphite are listed for ( > 60s) while CNT and graphene are reported before melting ( < ). From Eq. (3) using the thermal properties from Table 4 as well as power dissipation and number of particles from Table 3 , results show that CNT exhibits the highest normalized temperature followed by graphene, graphite, SP, and then diamond nanoparticles.
This analysis follows a similar trend to the ANSYS HFSS simulations shown in Table 3 . The heat transfer analysis shows CNT produces the highest interface temperatures, but experimentally graphene was shown to produce TNT melting prior to CNT. This difference may be because graphene flake structures promote greater interconnectivity throughout the TNT matrix compared to the tube-like structure of CNT. Greater interconnectivity may enhance heating that promotes melting, but interconnectivity is not accounted for in the simulations and heat transfer model. Table 5 . The value for the measured thermal conductivity for pure TNT was 1.55 W/mK. Interconnectivity is normalized against the highest value calculated, which is for graphene, in order to better represent the relative interconnectivity of each susceptor. The interconnectivity results from Table 5 show that the flake structures, graphene and graphite, have a higher interconnectivity than CNT and spherical particles. This would further support that while thermal conductivity plays a large part in heat transfer, the interconnectivity of susceptors within the TNT matrix also contribute to the overall heat transfer and explains that graphene exhibits melting prior to CNT because particle interconnectivity promotes improved heat transfer upon susceptor attenuation of microwave energy. is not the contributing factor for enhancing heat transfer of the composite, but instead particle interconnectivity within the TNT matrix significantly influences energy buildup. Nano-thickness flake structures (i.e., graphene) produce greater interconnectivity that enhances the overall heat transfer of the composite and induces melting of the TNT when exposed to microwave energy.
Susceptor Interconnectivity Analysis

CONCLUSIONS
Using susceptors to induce melting in explosives exposed to microwave energy could be a new approach for de-linking explosive components for demilitarization applications.
